Macrocysts in Dictyostelium discoideum possess prototypic features of sexual reproduction and are useful for understanding the basic mechanisms of the reproductive process. Here, we randomly analyzed 1,071 gamete cDNAs, and then constructed a gamete-specific subtraction library, FC-IC. Nucleotide sequences of all 903 FC-IC clones were determined and clustered into 272 independent genes. Expression analysis based on real-time RT-PCR revealed 67 gamete-enriched genes, among which those involved in 'signal transduction' and 'multicellular organization' are prevalent. One of them, FC-IC0003, appeared also to be mating-type specific, and was named gmsA. RNAi-mediated silencing as well as disruption of gmsA reduced the cellular competency for sexual cell fusion, indicating the involvement of this gene in the sexual development of D. discoideum. q
Introduction
The social amoeba, Dictyostelium discoideum, is well known for a life cycle shuttling between unicellular and multicellular phases (Loomis, 1982; Kessin, 2001) . It proliferates by fission in fertile conditions as a solitary amoeba, but several hundred cells gather upon starvation and form a fruiting body. Alternatively, it enters into a cycle of sexual reproduction (Blaskovics and Raper, 1957) . Under dark and submerged conditions, some amoebae become sexually mature to be called gametes (O'Day et al., 1987) , and fuse with appropriate mating-type cells if available (Nickerson and Raper, 1973; Erdos et al., 1976) . The resulting zygotes gather surrounding cells (O'Day, 1979) , engulf and digest them for nutrients, and eventually form macrocysts. After a period of dormancy, macrocysts germinate and release amoebae that can either divide or form fruiting bodies or macrocysts depending on environmental conditions.
The macrocyst cycle shows unique and interesting properties. In addition to complementary-type heterothallic strains, homothallic and bisexual strains have been reported in D. discoideum (reviewed in Urushihara (1996) ). Genotypes of offspring amoebae do not exhibit Mendelian heredity (Wallace and Raper, 1979) . Since this organism apparently maintains the prototypic features of the sexual reproduction system, its analysis would contribute to the understanding of the basic molecular requirements for sexuality. The compact genome of 34 Mb with 11,000 predicted genes (Glockner et al., 2002) and the ease of handling for biochemical and molecular biological analysis (Mann et al., 1998) are also advantageous to its use as a model system for fertilization.
Our previous studies demonstrated the involvement of several surface glycoproteins in the fusion between gametes of heterothallic strains (Urushihara, 1992) , the existence of protease sensitive inhibitor(s) on the surface of bisexual strains (Urushihara and Aiba, 1996) , and the requirement of a G-protein-mediated cAMP signaling pathway for macrocyst development (Shimizu et al., 1997) . Aiming at the integration of these observations and the collection of all sexuality-related genes, we started an extensive analysis of cDNAs prepared from the gametes.
In the present study, we first randomly analyzed gamete cDNAs to obtain the gene expression profile in these cells, and then constructed a gamete-specific subtraction library and analyzed the structure and expression specificity of all the cDNAs therein. We also report on the functional analysis of one of the gamete-enriched genes.
Results

Generation and analysis of a gamete-enriched gene pool
The oligo-dT-primed directional cDNA libraries, FC and FCL, were constructed from sexually mature fusioncompetent cells (FC-cells) or gametes of KAX3. The latter library contains longer (1.6 Kb average) inserts than FC (1.2 Kb average). Nucleotide sequences of 1,023 randomly chosen clones from FC and 69 from FCL were determined and were together clustered into 653 unique genes. Among them, approximately 40% of the clones (Fig. 1A) and 30% of the genes (Fig. 1B) are involved in the functional categories of 'metabolism', 'energy', 'transcription', and 'translation'. To eliminate those housekeeping genes and to enrich the genes relevant to the sexual process, a gametespecific subtraction library, FC-IC, was constructed. This was achieved by subtracting cDNAs in sexually immature fusion-incompetent cells of KAX3 (IC-cells) from those in FC-cells. Starting with 2 mg of polyA þ RNA prepared from FC-cells, 903 cDNA clones were obtained. Nucleotide sequences of all these clones were determined from both ends of the inserts, generating altogether 1,481 ESTs (Table 1 ). The percentages of clones for housekeeping functions are much reduced in the FC-IC library (Fig. 1A) .
The FC-IC sequences were then assembled using the Phrap program and clustered into 341 non-redundant forms. When the number of sequence clusters was plotted against that of clones, the distance from the Y ¼ X line increased remarkably from around 100 clones (Fig. 1C) . Although novel sequences were still emerging as the sequencing of the library ended, one per 5 clones, extrapolation of the curve suggests that the ultimate cluster number would not exceed 400. Since FC-IC clones carry fragmentary cDNAs generated by Rsa I digestion, even the completely different sequences could have been derived from the same gene. Therefore, we joined the neighboring clones by aligning them to the subject sequences of the BLAST search results. The number of possible independent genes in the FC-IC library turned out to be 272, which could still be an overestimation because more than half of the clustered sequences had no BLAST hits at all. It should be noted that as many as 80 (28%) independent genes had no identical hits among approximately 150,000 Dictyostelium ESTs from sequences are: C22763 -C22767, C22773 -C22776, C22778 -C22782,  C22912, C22914-C22993, C23638, C23640-C23801, C23855-C23871,  C24321-C24409, C25688-C25708, C25714-C25786, D87988, C22768-C22772, C23669-C23671, C23802-C23854, asexually developing cells (Morio et al., 1998; Urushihara, 2002) We then analyzed the actual expression specificity of those 272 independent FC-IC genes by real-time RT-PCR. Three independent preparations of mRNA were pooled to eliminate the inconsistent variation with sampling. Relative template concentrations were obtained from the amplification kinetics of PCR to calculate the expression ratio of FC to IC for each gene. Genes were designated as gameteenriched if the expression ratios were 2.0 or higher. Thus, we collected 67 such genes to construct a gamete-enriched gene pool (Table 2) . Two genes were extremely enriched (. 100 £ ), and 25 were highly enriched (. 5 £ ). These expression ratios were confirmed by at least two independent experiments. The BLAST searches showed that 11 genes (16.4%) were identical to known D. discoideum genes (BLASTN e-value , 1 £ 10 249 ) and 22 (32.8%) were homologous to genes of D. discoideum or other organisms (BLASTX e-value , 1 £ 10 23 ), but half of the pool had no hits at all. Furthermore, 28 of them (42%) were among the 80 novel ESTs described in Table 1 . The functional classification of the 33 successfully annotated genes exhibited a totally different pattern from that of the unsubtracted FC library (Fig. 1B) : Instead of genes involved in the housekeeping functions, those for 'signal transduction' and 'multicellular organization' occupy the largest fractions. These results indicate that alterations to the genetic network and preparations for cellular communication start at the transition from the asexual to sexual phase.
To obtain information about the strict specificity of the gamete-enriched genes, we cultured HM1, an opposite mating-type strain, under the submerged conditions in the light or in darkness, and then determined the expression of highly enriched genes (. 20 times in Table 2 ). The cells cultured in the former (light) conditions are unable to fuse with fusion-competent KAX3 cells. The same experiment was also performed on KAX3 cells for comparison. The light inhibition of sexual maturation is much less strict to them so that the light-cultured KAX3 cells are capable of fusion with fusion-competent HM1 cells, although to a significantly lesser extent (Saga et al., 1983) . As shown in Table 3 , all of them are also enriched in HM1 gametes (FC/IC . 2). The extent of enrichment, however, is not necessarily consistent with that in KAX3. The top two clones in HM1 are FC-IC0420 and FC-IC0338, both being novel genes without any homology to the database entries. As to the effect of light conditions, all of the clones are again expressed at higher levels in darkness than in the light, eight clones out of them being more than two folds. At the same time, however, induction of some of them is more dependent on the submerged conditions. For example, dark/light ratios of the above two clone, FC-IC0420 and FC-IC0338, are far less remarkable compared to their FC/IC ratios, indicating that submerged conditions are enough for their inductions. The reverse relationship is observed for FC-IC0482, FC-IC0129, FC-IC0112, and FC-IC1207, whose inductions are mostly or entirely dependent on the dark conditions. It should be pointed that the top two of the gamete-enriched clones in KAX3, FC-IC0485 (novel ras) and FC-IC0129 (racF2) are among them.
Analysis of a gamete-enriched gene
One of the gamete-enriched genes, a homologue to the Chlamydomonas reinhardtii a2gene (Ferris et al., 2001) represented by the clone FC-IC0003, was analyzed in more detail as the first target. Since the a2 gene is mating-type specific, we first examined whether HM1 possesses the counterpart gene. Southern blot hybridization demonstrated the presence of a similar sequence in HM1 ( Fig. 2A) . However, the real-time RT-PCR indicated that the mRNA level is nearly 20 times higher in KAX3 than in HM1 (Fig. 2B ), while the amplification occurred to an equal extent with the same primer set for RT-PCR if the genomic DNA of the two strains were used as templates (data not shown). Interestingly, the enhanced expression of the FC-IC0003 gene in FC-cells described above for KAX3 was also observed in HM1. The expression results were confirmed by northern blot analysis (Fig. 2C) . From these observations, we named this gene gmsA (gamete and mating-type specific gene A). The gmsA gene is present as a single copy and the size of the mRNA is 1.7 Kb in both KAX3 and HM1.
The sequences of FC-IC0003 and 3 neighboring clones were joined and extended upstream using the genomic sequences to obtain the entire structure of gmsA (Fig. 3A) . Although the transcription start point has not been determined yet, no further extension of the ORF is possible for the 1.7 Kb mRNA. The ORF is divided into 3 exons by two short introns and predicts a protein of 448 aa. In addition to the hydroxyproline-rich region homologous to the a2 gene, gmsA also contains sequences for the SCP family of extracellular domain (SMART accession # SM0198) in the 5 0 region, and the Papain family cysteine protease domain (pfam accession # PF00112) in the 3 0 region (Fig. 3B ). The similarities of the amino acid Accession # AU271297-AU272542 and AU275012-AU275246. sequence to the relevant domain consensus are 47%, 27%, and 40%, respectively (Fig. 4) .
To know if gmsA is actually involved in the sexual process in D. discoideum, we attempted to inhibit its function using an RNAi technique. We made a construct for the stem-loop RNA (Martens et al., 2002) directed against the middle part of gmsA (Figs. 3 and 5A) , and introduced it into KAX3 cells. Four out of the 18 transformants obtained exhibited significantly reduced levels of mRNA (Fig. 5B) . Two representatives, GAR-B and GAR-D, whose gmsA mRNA levels were about 10 % of the control (vector-alone transformant) were examined for their potency of sexual cell fusion. As can be seen in Fig. 5C , both of them showed low activity of cell fusion. To determine whether the remaining fusion activity is due to the incomplete inactivation of mRNA or to the dispensability of the gmsA gene for cell fusion, we generated two independent gmsA disruptants, GAK-12 and GAK-29, by homologous recombination (Fig. 6 ). Southern and northern blot analyses confirmed the disruption of the gmsA gene. However, both of the knockout strains retained the fusion activity, although at a reduced level, as in the RNAi mutants. These results indicate that gmsA is involved in the sexual cell fusion of D. discoideum, but not indispensable in KAX3.
Discussion
In the present study, we constructed a gamete-specific subtraction library and further selected 67 clones through expression analysis to generate a gamete-enriched gene pool in D. discoideum. This was an important step in the comprehensive analysis of the genetic basis of sexuality, because the initial random analysis of the gamete cDNAs demonstrated that housekeeping genes occupy a large fraction of the gamete cDNA library. Although functional analyses of the FC library did enable us to discover interesting genes such as a chaperonin tcp-1 gene (Iijima et al., 1998) and stress responsive flavohemoglobin genes induced under submerged conditions (Iijima et al., 2000) , the elimination of housekeeping genes and unfavorable sequence redundancy seemed urgent.
The subtraction library based on SSH (Suppression Subtractive Hybridization) Gurskaya et al., 1996) in this report contains high percentages of gamete-enriched genes. The existence of highly specific genes, and low percentages of housekeeping genes all indicate that the subtraction was performed effectively in the FC-IC library. Although SSH is expected also to normalize the DNA population, the FC-IC library contains a few highly prevalent genes. However, since most of the highly redundant genes are enriched in the gametes, and since housekeeping genes are not prevalent in the FC-IC library, normalization in a general sense seems successful. From a different viewpoint, the existence of the above redundant genes may indicate that the library is large enough. Even the gradual increase in gene number near the completion of sequencing could be a reflection of minor, insignificant PCR products ligated into the vector. As expected, the population of the gamete-enriched gene pool shows an extreme bias from that of non-subtracted cDNAs (Fig. 1B) or of predicted genes in the genome (Glockner et al., 2002) . Most remarkable is the abundance (6 out of 33 successfully annotated) and high expression ratios of genes for signal transduction, suggesting that distinct genetic networks are activated in the gametes. In fact, the 1st and 2nd enriched genes in the pools are members of the Ras family, which have been reported to control various cellular processes (Chubb and Insall, 2001 ). As to racF2, its paralogous gene, racF1, has been reported to accumulate in the transient intracellular contact area of vegetative cells (Rivero et al., 1999) , well suggesting that the racF2 gene may be connected to the gamete interactions. Also remarkable are the genes for the multicellular organization. Two cell adhesion genes are found in the gamete-enriched gene pool; one for a Ca 2þ -dependent cell adhesion protein DdCad1 (Wong et al., 1996) , and one homologous to the gp64 gene in P. pallidum (Manabe et al., 1990) . Since Ca 2þ is necessary for sexual cell fusion in D. discoideum (O'Day, 1979; Saga et al., 1983) , Ddcad1 may be relevant to the adhesion between the gametes. Finally, an uncharacterized mitochondrial gene, ORF477 (Ogawa et al., 2000) , is contained in the gene pool. Considering the relevance of the mitochondria for development of germ line cells demonstrated in D. melanogaster (Kobayashi et al., 1993) , this seems worthy of further investigation.
Although this achievement itself is of great value for our aim, the strict specificity of gamete-enriched genes is also a matter of interest. The sexual maturation is induced by dual environmental conditions, excessive water and darkness (Erdos et al., 1976) , the latter being much less critical for KAX3 than in HM1 (Saga et al., 1983) . Since the submerged condition is a stress to the cells and is known to affect gene expression profiles (Iijima et al., 2000) , gamete-enrichment of the genes described above could be a simple reflection of the stress response and have little to do with the sexual process. In other words, by comparing the mRNA levels in liquid-cultured cells under different light conditions, the discrimination of gamete-specific genes may be possible. In fact we found at least four clones, FC-IC0482 (a novel ras), FC-IC0112, FC-IC1207 (lipA), FC-IC1209 (racF2) are gamete-specific in HM1. This was also the case for KAX3, even though sexual maturation of KAX3 cells is less sensitive to light as mentioned above.
Although both of the environmental conditions cumulatively affected the expression of these genes, they may be effective only in concert for other gamete-enriched genes. Also, the induction of sexually indispensable genes by either one condition alone is equally possible. Since there have been no other reports on gamete-specific genes in D. discoideum, it is difficult to further evaluate the coverage of the gene pool constructed here. However, it should be emphasized that, although not necessarily specific, the gamete-enriched gene pool contains genes with possible relevance for the gamete interactions and is valuable for further analysis of the genetic control of sexuality.
As the first target of functional analysis of the gene pool, we investigated a particularly interesting gene, gmsA. Its expression is strongly enhanced in the gametes and depends on mating type as well. The RNAi-mediated knockdown and knockout of gmsA indicated that it is involved in the sexual cell fusion of D. discoideum but not indispensable. We speculate that gmsA functions to accelerate the fusion, because the reduction in cell fusion is more evident under conditions where the fusion is not extensive as in the case of an eccentric matA/mata cell ratio (data not shown). The mechanism for gmsA involvement in cell fusion is currently unknown. Considering that the gmsA gene contains a possible signal sequence for plasma membrane and an extracellular domain, its product is expected to localize on the cell surface and mediate the recognition between gametes. If this is the case, repression of the counterpart gene in HM1 at the same time may result in more extensive inhibition of cell fusion. The homologous gene a2 in C. reinhardtii, later renamed mta2 (Ferris et al., 2002) , was cloned based on its homology to a sequence in the a region of the mating-type plus locus and is expressed in the gametes of both mating types but not in vegetative cells (Ferris et al., 2001) . The similarities of gmsA and mta2 in structure and expression specificity suggest that they are functionally alike as well, although the function of the characteristic hydroxyproline-rich repeats common in gmsA and Mta2 remains elusive.
Experimental procedures
Strains and culture conditions
Heterothallic strains of D. discoideum, KAX3 and HM1 were used. These strains were maintained as stock fruiting bodies on nutrient SM agar plates with Klebsiella aerogenes as food. KAX3 and its derivatives were also grown in HL5 medium on a reciprocal shaker. To induce sexual maturation, growth-phase cells were collected from SM agar plates and suspended in Bonner's Salt Solution (BSS) (Bonner, 1947) containing concentrated K. aerogenes, and cultured for 15 h at 22 8C in the dark. Their sexual competency was assayed by incubating them with sexually mature cells of the opposite mating-type and by calculation of a fusion index that corresponds to the percentage of fused cells during 30 min of incubation (Saga et al., 1983) . Cells with fusion indices higher than 60% were used as fusion-competent (FC) cells. Growth-phase cells on SM agar plates are fusion-incompetent (IC) cells.
Construction of gamete cDNA libraries
Total RNA was isolated by the SDS phenol/chloroform method. PolyA þ RNA was then obtained by repeated purification using Oligotex beads (Roche Japan, Tokyo). A directional cDNA library, FC, was constructed using the Super Script Plasmid System (GIBCO BRL, U.S.A.). Prior to vector ligation, a portion of the cDNA was further size fractionated to recover longer cDNAs (. 0.5 Kb), and then ligated into the vector to construct the FCL library. To construct the subtraction library, FC-IC, SSH was performed using a PCR-select cDNA subtraction kit (Clontech Laboratories, U.S.A.) according to the manufacturer's instructions. The RNA from FC-cells was used as a tester and that from IC-cells as a driver. The subtracted and amplified cDNAs were directly inserted into the TA cloning vector, pCR2.1 (Invitrogen Corporation, U.S.A.).
Determination of nucleotide sequences
Nucleotide sequences were determined either with an ABI 377 autosequencer (Applied Biosystems, U.S.A.) using the DYEnamic direct cycle sequencing kit (Amersham, U.S.A.) or with an ABI 3700 autosequencer (Applied Biosystems, U.S.A.) using Big-Dye terminators. All sequencing reactions involved either the standard M13 forward or reverse primers, and thus both 5 0 end and 3 0 end reads of each cDNA were obtained. The sequence text files were edited to remove the vector sequences and ambiguous base callings.
Sequence clustering and annotation
Two reads from both ends of a clone were merged using the Automerge program (Urushihara, 2002) based on the lfasta alignments. Then, the resulting sequences were assembled and clustered using the PHRAP program (http://www.genome.washington.edu/) to generate nonredundant ones. BLAST homology searches were carried out against public DNA and protein databases and against the Dictyostelium genome database (http://dicty.sdsc.edu/). Functional classifications of clones and cDNA contigs were preformed following the procedure used by the cDNA Project in Japan (Urushihara, 2002) . Genes were assigned to one of the functional categories shown in the footnote to Table 2 .
Quantitative real-time RT-PCR
Total RNA prepared as above was treated with RNasefree DNase to remove contaminating DNA, and then used to synthesize the first strand cDNA. Specific primer sets for individual clones were designed using the determined nucleotide sequences. To adjust the concentrations of template cDNAs from FC-and IC-cells, amplification was conducted using the primer set for the FC-AL23 clone (accession # C22921) that had been shown to be expressed constitutively. Quantitative real-time RT-PCR was performed with an ABI 7900HT Sequence Detection System (Applied Biosystems, U.S.A.). The amplifications were carried out in a 384-well plate in a 10 ml reaction volume containing 5 ml of 2 £ SYBR Green Master Mix (Applied Biosystems, U.S.A.), forward and reverse primers and 2 ml of the template cDNA. The thermal profile for real-time RT-PCR was 50 8C for 2 min, then 95 8C for 10 min followed by 40 cycles of 95 8C for 10 s and 60 8C for 1 min. Each sample had 2 replicates containing 1-, 4-or 16-fold diluted cDNA and non-template control to ensure the reproducibility of the results.
Southern and northern hybridization analysis
Genomic DNA was prepared from KAX3 and its transformants cultured in HL5. For the preparation of genomic DNA from HM1, cells were first incubated in BSS for 3 h to digest the incorporated bacteria. Total RNA was purified from FC-and IC-cells with TRIZOL reagent (GIBCO BRL, U.S.A.) according to the manufacture's instructions. Southern and northern blot hybridizations were both performed by the standard protocol.
Preparation of RNAi and knockout constructs for gmsA
Fragments of the gmsA gene for RNAi were obtained by PCR with appropriate restriction sites on the ends. The first gmsA fragment of 556 bp was ligated tail to tail with the second fragment of 351 bp so that a 351 bp dsRNA formed (Fig. 5A) . The 205 nucleotides in the first fragment constitute a hairpin loop in the fold-back transcript. The gmsA RNAi construct was inserted into the vector HK12 (Kuwayama et al., 2001) .
For preparation of a gmsA-targeting construct, a 1.4 Kb 5 0 flanking fragment of gmsA and a 1.2 Kb fragment within the gmsA gene were amplified by PCR using KAX3 genomic DNA as a template. The primers used were 5 0 -CATCTGCACCGGCATAAATA-3 0 and 5 0 -GACAATC-CACCTTTTACAA-3 0 for the 1.4 Kb fragment, and 5 0 -CGATGTCACAGTATGGAACTA-3 0 and 5 0 -CACCAT-GAACCCCAACTGT-3 0 for the 1.2 Kb fragment. The amplified fragments were then ligated to the ends of the bsr gene cassette (Fig. 6A) .
